Mercury is one of the most acute toxic heavy metals at trace levels and its detection at parts per billion (ppb) scale in a low-cost, simple way remains challenging. Here, we report a novel "Turn-On" fluorescence sensor based on aptamer-templated ZnO quantum dots (QDs), which was further developed into an electronic detection device and utilized for the rapid detection of mercury ions (Hg 2+ , we observed an increase in duplex formation, leading to enhancement in the fluorescence. The limit of detection of the device is 0.1 ppb (0.5 nM), and experimental analysis has a linear range of detection between 0.1 and 10,000 ppb. Electron microscopy studies ascertained the crystalline nature of the aptamer-templated ZnO QDs in the presence of Hg 2+ . Finally, the sensing was implemented as a simple working electronic detection device prototype. A photodiode coupled with an LED source was connected to an Arduino Nanoboard for the development of the device. To the best of our knowledge, this is the first study to report an enhancement in the fluorescence of the aptamer-templated ZnO QDs with an increase in the concentration of Hg
Introduction
Heavy metals are major water pollutants that contribute to some of the most profound lethal and fatal effects [1] . Among heavy metals, mercury poisoning or pollution leads to large-scale environmental and health impact, even at trace level concentrations [2, 3] . The presence of Hg 2+ , even at low levels, has been linked to autism, ailments in vital organs, defects in the immune system, and even death [1, 4, 5] . Detection of mercury at parts per billion (ppb) levels is very important for devising plans to control its pollution. Common strategies used for the detection of mercury and other heavy metal ions include Raman spectroscopy [6, 7] , atomic absorption spectroscopy (AAS) [8] , mass spectroscopy (MS) [9] , inductively coupled plasma mass spectroscopy (ICP-MS) [10] , anodic stripping voltammetry (ASV) [11] , high performance liquid chromatography (HPLC), liquid chromatography mass spectrometry (LC-MS), and infrared spectroscopy [12] . Most of these techniques are time-consuming and involve sophisticated instruments that need high maintenance and skilled manpower for their operation and interpretation of results. The currently available instruments are either expensive or bulky or both, which hinders their use as portable and affordable detection devices. Thus, there is a need to develop a simple, low-cost, handheld device for the detection of mercury on field [12] .
Fluorescence-based sensing of Hg 2+ has been majorly carried out by Hg 2+ induced aggregation of fluorescent nanomaterials and FRET (fluorescence resonance energy transfer). Hg 2+ induced aggregation of fluorescent nanomaterials leading to quenching of fluorescence and subsequent detection has been reported [13] . FRET based Hg 2+ detection has also been reported widely. These include FRET between two fluorescent dyes [14] , FRET between nanomaterial with dye [15] , exogenous dye, and cleaved DNA with dye [16] . Conventionally, organic dyes were used for fluorescent sensing, but they are vulnerable to photobleaching. Inorganic quantum dots are quite resistant to photobleaching and possess broad absorbance spectra and narrow emission band, making them suitable candidates for fluorescence-based sensing. Several studies have focused on the use of fluorescent semiconductor nanomaterials for sensing [17] [18] [19] . [12, 17, 20 ]. An aptamer is a short, single-stranded DNA or RNA sequence having high binding affinity towards an element, pesticide, explosive, pathogen, protein, or small molecule, and can be identified by the process of systematic evolution of ligands by exponential enrichment (SELEX). Aptamers are easy to synthesize, low cost, and are stable at ambient conditions [21] . Aptamer-functionalized quantum dots (QDs) have been utilized for the detection of different targets, including Hg 2+ [22] [23] [24] . Even though DNA-templated QDs were reported for different applications [25, 26] , to our knowledge no work has been reported for analyte sensing using aptamer-templated QDs. Fluorescence quenching-based sensing has been recently reported for the sensing of Hg
2+
, but the method has its own disadvantage that in real samples, quenching may happen due to various factors other than the presence of analyte [22, 27] . Hence, "Turn-On" fluorescent sensors are better than fluorescence quenching-based sensors. However, aptamer-based or functional nucleic acid-based "Turn-On" fluorescent sensors have certain disadvantages, such as high cost of fluorescent probes or complicated modification of aptamers. The cost of ZnO-based QDs was reported to be less than that of cadmium or other semiconductor materials and fluorescent probes for bio/nanosensor applications. ZnO has unique electrical and optical properties, such as wide band gap at room temperature, which results in significant quantum confinement [28] . ZnO-based nanomaterials have numerous environmental advantages, such as lesser corrosion, low toxicity, more recyclability, and easier disposal, and are thus ideal candidates for sensing applications [29] . Previously, we have reported interference in the synthesis of silver nanoparticles, leading to absorbance-based sensing of analyte, wherein the reducing agent displayed affinity towards the analyte [30, 31] . In the present study, we found that the addition of Hg 2+ to the template aptamer, followed by the precursor and reducing agent, led to an increase in the formation of DNA duplexes, thereby resulting in an increase in the formation of the quantum dots and, hence, an enhancement in the fluorescence (Fig. 1A ).
Materials and methods
Aptamers (10-base aptamer with the sequence TTTTTTTTTT) were synthesized and HPLC purified by Eurofin Genomics (Bengaluru, Karnataka, India). All chemicals were of analytical grade and were used as such at appropriate concentrations. Milli-Q water (18.2 ohms) was used for all reactions. Zinc acetate (0.33 g in 15 ml) and potassium hydroxide (2.8 g in 50 ml) were used as the precursor and reducing agent, respectively. Milli Q water was spiked with Hg 2+ to obtain the respective concentrations of 0.1, 1, 10, 100, 1000 and 10,000 ppb (0.5 nM, 5 nM, 50 nM, 500 nM, 5000 nM and 50,000 nM respectively). For all the device experiments, we have used Hg 2+ spiked in tap water taken from our institution. This water has a TDS (Total Dissolved Solids) value of 182 ppm. Initial sensing reactions were carried out in black UV transparent 96-well plates, followed by absorbance and fluorescence measurements using TECAN Infinite plate reader. X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM) were carried out at the Centre for Nano Science and Engineering (CeNSE), Indian Institute of Science. For XPS analysis, freshly prepared sample was drop-casted on a silica wafer. Similarly, freshly prepared sample was drop-casted on carbon-coated copper grid for TEM analysis and imaged using a Titan Thermis TEM, at an accelerating voltage of 300 kV.
Results and discussion
In the present study, sensing has been carried out by analyte binding to the template aptamer and QD synthesis, rather than via the conventional route of synthesis followed by functionalization and sensing. A poly-T sequence (10bp) , there would be an increase in the formation of T-Hg 2+ -T hairpin loops, leading to increase in the formation of ZnO QDs. Thus, as the ppb level of Hg 2+ increases, there is an enhancement in the emission peak at 600 nm (Fig. 1B) , which corresponds to the ZnO QD fluorescence with an excitation at 365 nm. The sensing has been done in triplicates and a data plot with error bar has been included in (Fig. 1C) . Similarly, there is an enhancement in the absorbance of the ZnO QDs ( Fig. S1 ) with increasing concentration of Hg 2+ , which may be due to the increased formation of ZnO QDs. In the absence of Hg 2+ , there is no duplex formation and, hence, no formation of ZnO QDs. Furthermore, the fluorescence intensity of ZnO QDs formed in the presence of 10 and 100 ppb Hg 2+ which exhibits an initial increase and then decrease in emission with respect to time (Fig. S2 ). with ZnO QDs (Fig. 2 A, B, C, D, Fig. S3 ). In addition, high-resolution TEM (HRTEM) analysis showed a fringe pattern of the QDs, which revealed the crystalline nature and D-space value of 0.26 nm corresponding to ZnO (Fig. 2G ) [18] . Analysis using ImageJ software showed that majority of the ZnO QDs formed were of size˜3 nm, as per the particle size histogram (Fig. 2H) . However, few QDs of size˜6 nm were also found to have been formed, which may be due to various other factors such as aggregation or continuous growth of QDs on the aptamer duplex. Energy dispersive X-ray spectroscopy (EDX) confirms the presence of Zn, O and Hg 2+ (Fig. S4) .
In previous reports, nanoparticles or QDs were synthesized first, followed by functionalization with aptamers or antibodies or DNAzymes, and then exposure to analyte, leading to sensing. On the contrary, in this study, the analyte is added during the synthesis of QDs, leading to fluorescence-based sensing. This is the first report of an analyte addition leading to sensing by interfering in the synthesis of QDs. Previously, the addition of arsenic (at ppb levels) to synthesized ZnO QDs led to fluorescence quenching-based sensing in which the synthesis time of ZnO QDs is more than 12 h, and this was followed by sensing [18] . In addition, formation of ZnO QDs in the presence of Hg 2+ has been confirmed in XPS analysis by the presence of Zn 2p peaks (Fig. 3A) which are otherwise absent in the absence of Hg 2+ (Fig. 3E) . In the present study, synthesis and sensing take place simultaneously, and the time for both is less than twenty minutes. Hence, the overall time taken for complete synthesis/sensing process is considerably less when compared to previously reported methods (Table 1 ). In the present study, synthesis and sensing occurs at ambient conditions without the requirement of specific temperature or pressure whereas in other reported fluorescent sensing methods require lengthy synthesis followed by conjugation processes. These were used to ascertain the selectivity of the current fluorescence sensor, and not much significant fluorescence enhancement was observed in the presence of these ions (Fig. 4) . Our method for the detection of Hg 2+ based on aptamer-templated ZnO QDs requires considerably lower synthesis and sensing time and has a relatively better LOD ( Table 1) . The first prototype, as shown in Fig. 5A , was an Arduino-based breadboard device. This device features a UV LED that emits UV light (365 nm), which after passing through the analyte solution is intercepted by the sensor, namely TSL235r. The sensor is a photodiode combined with a current-to-frequency converter. The TSL235r generates a square wave as an output, whose frequency is directly proportional to the intensity of illumination on the sensor area. This wave is then input to the computational board (Arduino Nano), which senses the frequency, computes the corresponding light intensity (mathematical calculations written in the code), and displays the frequency on the OLED Display. The intensity of the light can be noted via the serial monitor, if required. This setup was used to test the sensing method proposed here and the accuracy was measured up to 0.1 ppb (0.5 nM). The frequency versus ppb concentration of Hg 2+ has been plotted graphically (Fig. 5B) , demonstrating the efficiency of the detection device. The block diagram of the device is shown in Fig. 5C . In addition, the fluorescence of the ZnO QDs can be observed under UV LED illumination, using a smart phone (Fig. S5) . The initial breadboard prototype was modified and condensed into a 5 × 7 cm custom-made PCB, which resulted in a smaller footprint and greater scalability (Fig. 5D) . A 3-D printed case was used to isolate the LED, TSL235 r, and the microtube, which prevents any ambient light interference or noise. There was a 12 mm gap between the LED and the sensor, which is where the microtube fits in. This arrangement not only cuts down the cost of the device, but also makes it highly portable and efficient.
Conclusions
A novel, highly sensitive and selective "Turn-On" fluorescence sensor utilizing aptamer-templated ZnO QDs has been demonstrated. For the first time, direct fluorescence enhancement of the ZnO QDs has been observed with increasing concentration of Hg 2+ , which can be attributed to the formation of mismatch pair T-Hg 2+ -T. T-Hg 2+ -T pairing results in a hairpin loop-like structure, which enables the nucleation and growth of ZnO QDs. Thus, with an increase in the formation of T-Hg 2+ -T, there is an increase in the formation ZnO QDs, resulting in enhanced fluorescence. The method has been successfully converted to a working, low-cost electronic device with an LED source and a photodiode. An LOD of 0.1 ppb (0.5 nM) of Hg 2+ has been achieved using this device. TEM analysis confirmed the formation of ZnO QDs, with crystalline nature and an average size of 3 nm. In conventional sensors, synthesis followed by functionalization occurs before sensing. In contrast, in the present work, synthesis of ZnO QDs and sensing of Hg 2+ is taking place simultaneously. Further commercialization of the novel sensor with the detection unit as a low-cost electronic device will enable detection of trace levels of mercury in resource-poor settings. Handheld device can be utilized in every household to detect any possible mercury contamination. For a commercially viable sensor device, it would be important that the development of a sensor is simple, which is highly achievable with the present work. 
